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Three recombinant avian leukosis subgroup J viruses, ADOL 5701A, ADOL 5701AD, and ADOL 6803A, carrying a subgroup
A envelope have been isolated and characterized. These viruses were identified by their ability to replicate in DF-1/J, a
recombinant chicken embryo fibroblast (CEF) cell line expressing the subgroup J envelope that is resistant to subgroup J
replication. Flow cytometric analysis of DF-1/J cells infected with ADOL 5701 and ADOL 6803, two subgroup J isolates,
indicated cross-reactivity with subgroup A chicken polyclonal serum. Based on published sequences of subgroups A and J
isolates, we designed a series of primers to PCR amplify the envelope and LTR of these viruses. PCR products were obtained
when the forward primer was specific for subgroup A gp85 envelope protein gene and the reverse primer was specific for
subgroup J LTR. Sequence analysis of the PCR products indicated that these viruses had a subgroup A gp85, a subgroup E
gp37, and a subgroup J LTR. Interestingly, these viruses had previously been propagated in CEF from the alv6 chicken line,
a line that carries a replication defective recombinant endogenous virus expressing a subgroup A envelope (RAV 0-A1).
Sequence analysis of RAV 0-A1 gp85 and gp37 envelope proteins indicated that they were almost identical to those of the
recombinants ADOL 5701A and ADOL 6803A. These results indicate that these three recombinant viruses arose by
recombination between exogenous subgroup J isolates and a recombinant defective endogenous virus with subgroup A
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INTRODUCTION
Exogenous avian leukosis viruses (ALVs) have been
classified into subgroups (A, B, C, D, and J) based on
their host range, cross-neutralization, and viral interfer-
ence (Coffin, 1992). The envelope glycoprotein (gp85) is
responsible for subgroup specificity and therefore for
attachment to specific cellular receptors and the produc-
tion of neutralizing antibodies (Coffin, 1992). ALVs are the
most common avian retroviruses associated with neo-
plastic diseases found naturally (Payne and Fadly, 1997).
ALVs are able to produce different kind of tumors but
lymphoid leukosis is the most common one (Payne and
Fadly, 1997). An exception to this is ALV-J, which pro-
duces late-onset myelocytic myeloid leukosis and renal
and other tumors (Payne et al., 1991a,b; Fadly and Smith,
997, 1999).
RNA viruses present a high level of genetic variation
ue to the high error rate of their polymerases and high
evels of recombination (Nichol, 1996). This genetic vari-
bility allows for the development of new retroviral
trains that escape host defenses, present an extended
1 The nucleotide sequence data reported in this paper have been
eposited with the GenBank database and have been assigned Ac-
ession Nos. AF257655, AF257656, AF257657, and AF257658.
2 To whom correspondence and reprint requests should be ad-
dressed at Avian Disease and Oncology Laboratory, Agricultural Re-
search Service, USDA, 3606 East Mount Hope Road, East Lansing, MI
48823. Fax: (517) 337-6776. E-mail: lupiani@msu.edu.
37r different host range, or are resistant to antiviral drugs.
etroviruses package two copies of genomic RNA and
his diploid nature results in a high rate of recombination
Hu and Temin, 1990a,b). Recombination has been ob-
erved between exogenous viruses, exogenous and en-
ogenous viruses (Linial and Blair, 1982) and between
xogenous viruses and nonhomologous cellular genes
Svoboda, 1986). In 1991, Payne et al. (1991a) described
he isolation of a new group of ALV that was designated
. Sequence analysis of the ALV-J gp85 envelope protein
ndicated low similarity to that of previously described
LV subgroups (40%) but high similarity to members of
he ancient endogenous virus (EAV) family (75–97%) (Bai
t al., 1995). These data led to the hypothesis that ALV-J
rose by recombination between an exogenous virus
nd an EAV. Recently, Benson et al. (1998), Smith et al.
1999), and Silva et al. (2000) described the identification
f a new family of avian endogenous viruses (called ev/J,
AV-HP, and Line 0 env-like, respectively) that shows a
5–97% identity to the envelope of infectious ALV-J iso-
ates supporting the hypothesis about the origin of ALV-J.
alv6 is a transgenic Line 0 chicken carrying a recom-
inant endogenous (RAV 0-A1) Rous-associated virus 0
RAV 0) with a subgroup A avian leukosis virus envelope
Wright and Bennett, 1986; Crittenden et al., 1989; Salter
and Crittenden, 1989). alv6 chickens do not produce
infectious virus, as measured by p27 ELISA assay, but
produce subgroup A envelope protein which confers
resistance to subgroup A ALV infection by subgroup-
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NI ETspecific receptor interference. Similarly, we have devel-
oped a cell line resistant to ALV-J (DF-1/J), using the
specific receptor interference concept, by expressing the
J envelope in the DF-1 cell line (Hunt et al., 1999). Both
alv6 chicken embryo fibroblasts (CEFs) and the DF-1/J
cell line are used in our laboratory to characterize field
samples from commercial broiler flocks experiencing
myeloid leukosis (Fadly and Smith, 1997, 1999; Hunt et
al., 1999; Silva et al., 2000). The alv6 CEFs are routinely
sed in our laboratory to remove any contaminating
ubgroup A ALV potentially present in the field samples
nd then DF-1/J cells are used to confirm the presence of
nly ALV-J. During the isolation of field samples using
his purification process we identified viruses capable of
nfecting the DF-1/J cells. The present report describes
he characterization of three viruses that resulted from
ecombination between two subgroup J and a recombi-
ant endogenous virus expressing subgroup A envelope
RAV 0-A1) during the passage of the ALV-J field samples
through alv6 cells.
RESULTS
A cell line expressing the envelope of the ALV-J isolate
ADOL HC-1 (DF-1/J) has been described (Hunt et al.,
1999). While testing the effectiveness of DF-1/J to block
the replication of several ALV-J isolates we discovered
one isolate, ADOL 5701, which was able to replicate in
DF-1/J after a single passage. Flow cytometry of these
cells indicated reactivity with subgroup A antiserum. Af-
ter a second passage in DF-1/J cells a second isolate,
ADOL 6803, also tested positive for virus replication and
reacted with chicken anti ALV-A antiserum by flow cy-
tometry. After seven passages in DF-1/J cells, superna-
tants from these virus-infected cells were transferred to
DF-1 cells and the two viral samples were renamed
ADOL 5701A and ADOL 6803A (because of their cross-
reactivity with subgroup A antisera). Flow cytometry re-
sults of DF-1 cells infected with ADOL 5701A and ADOL
6803A using RAV-1 (ALV-A), RAV-Z (ALV-B), and ADOL
HC-1 (ALV-J) chicken convalescent sera are shown in
Fig. 1.
In order to identify the nature of the ALV-J viruses that
replicate in DF-1/J cells and react with antibodies to
ALV-A, a series of PCR reactions was carried out using
different combinations of primers specific for subgroups
A, J, and E (Fig. 2). Total genomic DNA was isolated from
DF-1 cells infected with ADOL 5701, ADOL 6803, ADOL
5701A, ADOL 6803A, and ADOL HC-1 and uninfected
alv6 and DF-1 cells and used as template for the PCR
eactions. A representative sample of the PCR reactions
s shown in Fig. 2. ADOL HC-1, ADOL 5701, and ADOL
803 were amplified with all of the J-specific primer
ombinations used. On the other hand, the J primer
38 LUPIAombinations used did not produce any amplification
roducts in uninfected alv6 and DF-1 cells or in DF-1cells infected with ADOL 5701A and ADOL 6803A (Fig.
2A). When the 7J primer, an integrase primer that recog-
nizes all the ALV subgroups, was used in combination
with the ALV-J specific primer 88.3, PCR products were
obtained only in HC-1, ADOL 5701, and ADOL 6803.
However, when 7J was used in combination with 2, a J
LTR specific primer, PCR products were obtained in all of
the virus-infected samples but not in alv6 or DF-1 cells.
These results indicated that ADOL 5701A and ADOL
6803A did not have a J envelope but probably had a J
LTR. In an attempt to clone the envelope gene of ADOL
5701A and ADOL 6803A we designed two primers spe-
cific for the 59-end of subgroup A envelope including the
leader sequence (89.5) and the 39-end of gp85 (ALV-A
6.5). The subgroup A envelope specific primers in com-
bination with primer 2 amplified one product in 6803A
and two products in ADOL 5701A (Fig. 2B). No PCR
amplification was observed with the other DNA tem-
plates.
In order to sequence the 89.5/2 PCR products the DNA
was amplified using PFU polymerase and the products
were cloned in pCRBlunt plasmid. Sequence analysis
indicated that the PCR products amplified with 89.5/2
represented gp85 of subgroup A envelope (97% identity)
and gp37 of subgroup E envelope (96% identity). The two
bands amplified in ADOL 5701A (ADOL 5701A and ADOL
5701AD) showed identical sequences, indicating that the
deletion had to be in the 39 untranslated region or in the
LTR.
Since alv6 cells carry a defective recombinant RAV 0
virus (RAV 0-A1) with the subgroup A gp85 and subgroup
E gp37, we cloned and sequenced the envelope region of
RAV 0-A1 and compared it to that of the ADOL 5701A and
DOL 6803A isolates. The primers used to clone RAV
-A1 envelope were 89.5, specific for subgroup A enve-
lope, and DWS 7.3, specific for RAV 0 LTR (Fig. 2C). As
expected, the RAV 0-A1 envelope was almost identical to
that of ADOL 5701A and ADOL 6803A isolates, indicating
that there had been a recombination between the alv6
RAV 0-A1 virus and the original ADOL 5701 and ADOL
6803 subgroup J isolates (data not shown).
On the other hand, sequence analysis of the LTR and
39 untranslated region of ADOL 5701A, ADOL 5701AD,
DOL 6803A, and RAV 0-A1 indicated certain variability.
he sequence was identical among the three recombi-
ant viruses and RAV 0-A1, and very similar to that of RAV
0, HPRS103, and the parental J viruses ADOL 5701 and
ADOL 6803, up to nucleotide 116 (counting from the stop
codon, TAA, of RAV 0-A1 gp37). At nucleotide 117 ADOL
5701A changed and from there to the end the sequence
was almost identical to that of the parental ALV-J ADOL
5701 virus (Fig. 3). On the other hand, the sequences of
ADOL 5701AD, ADOL 6803A, and RAV 0-A1 were identical
up to nucleotide 302 and very similar to the sequences of
RAV 0 and ADOL 4817, an ALV-J isolate that lacks the E
AL.element (Silva et al., 2000). From nucleotide 303 on, the
sequence of RAV 0-A1 and RAV 0 became very different
FIG. 1. Flow cytometry analysis of DF-1 cells infected with ADOL 5701A, ADOL 6803A, ADOL HC-1 (ALV-J control), and RAV-1 (ALV-A control) using
39MOLECULAR CHARACTERIZATION OF RECOMBINANT ALV-J/A VIRUSESanti-RAV-1 (subgroup A), anti RAV-2 (subgroup B), and anti-ADOL HC-1 (subgroup J) chicken convalescent antiserum. Uninfected DF-1 (None) and alv6
cells and DF-1 cells infected with RAV-1 and ADOL HC-1 as well as RAV-2 antisera were used as controls.FIG. 2. PCR analysis of DF-1 cells infected with ADOL 5701A (1), ADOL 6803A (2), ADOL 5701 (3), ADOL 6803 (4), and ADOL HC-1 (6), alv6 cell DNA
(5), and uninfected DF-1 DNA (7). (A) PCR with subgroup J specific primers (F5/R5). (B) PCR with subgroup A gp85 and subgroup J LTR specific primers
(ALV-A 6.5/2). (C) PCR with subgroup A gp85 and subgroup E LTR specific primers (ALV-A 6.5/DWS7.3). Lane M, 1-kb Gibco-BRL DNA ladder.
6
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nce id
nant virfrom that of the ADOL 5701 AD, ADOL 6803 A, and ADOL
4817 isolates. In addition, from nucleotide 303 on the
sequence of ADOL 5701AD and ADOL 6803A was almost
identical to that of the parental ALV-J viruses ADOL 5701
and ADOL 6803, respectively. These results indicate that
ADOL 5701AD, ADOL 5701A, and ADOL 6803A originated
by recombination between the parental ALV-J viruses
and RAV 0-A1, the defective alv6 endogenous virus.
DISCUSSION
alv6 CEFs are routinely used in our laboratory to iden-
FIG. 3. Sequence alignment of the 39 untranslated region and LTR of
803A (Acc. No. AF257656), RAV 0-A1 (Acc. No. AF257657), RAV 0 (Acc.
6803 [Acc. No. AF247388], ADOL 4817 [Acc. No. AF247385], and HPRS1
MegAlign program (DNAStar Inc., Madison, WI). Dashes indicate seque
open box indicates the gp37 stop codon in RAV 0-A1 and the recombi
40 LUPIAtify the presence of ALVs, other than subgroup A, in field
samples. alv6 cells are resistant to subgroup A infectiondue to the presence of a defective recombinant endog-
enous virus (RAV 0-A1) that expresses ALV subgroup A
envelope (Wright and Bennett, 1986; Crittenden et al.,
1989; Salter and Crittenden, 1989). Hunt et al. (1999)
recently described the development of a DF-1 cell line
expressing the envelope gene of the HC-1 strain of ALV
subgroup J, DF-1/J, that is resistant to ALV subgroup J
infection. While testing the effectiveness of DF-1/J to
block the replication of several ALV-J isolates we discov-
ered two isolates, ADOL 5701 and ADOL 6803, which
were able to replicate in DF-1/J cells. Flow cytometry of
701A (Acc. No. AF257655), ADOL 5701A D (Acc. No. AF257658), ADOL
3527), and subgroup J viruses (ADOL 5701 [Acc. No. AF247386], ADOL
c. No. Z46390]). Alignment was done using the “Clustal Method” of the
entity with HPRS103 and asterisks indicate gaps in the sequence. The
uses. The hatched boxes indicate the location of the E element.
AL.ADOL 5
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NI ETthese cells indicated reactivity with subgroup A antisera.
Since the original samples had been propagated in alv6
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—Contcells prior to infection of DF-1/J cells, we did not expect
the presence of ALV-A virus in the sample. In addition,
PCR of DNA isolated from Line 0 cells infected with the
supernatant of alv6 cells infected with ADOL 5701 and
ADOL 6803 indicated the presence of ALV subgroup J
virus (Fadly and Smith, 1999).
Three models of retrovirus recombination have been
proposed (reviewed in Coffin, 1996). Although these
three models are fundamentally different, all of them are
based on the fact that recombination only takes place
following infections with heterozygous virions (Hu and
Temin, 1990a). In order for these heterozygous virions to
be formed, both viruses must be transcribed and RNAs
from both types of viruses must be packed in a single
virus particle. It has been shown that alv6 cells do not
FIG. 3
MOLECULAR CHARACTERIZATIONproduce infectious virus particles, but they produce both
genomic size and spliced envelope coding mRNAs (Fed-
A
serspiel et al., 1991). The presence of RAV 0-A1 transcripts
n alv6 cells and the flow cytometry results of DF-1/J cells
nfected with ADOL 5701 and ADOL 6803 suggested that
ubgroup J recombinant viruses with all or part of sub-
roup A envelope could be present in these samples.
equence analysis of the envelope gene of these recom-
inant viruses indicated that this was almost identical to
hat of the recombinant endogenous virus present in alv6
ells (RAV 0-A1). Although the three recombinant viruses
identified had a subgroup J LTR, two of them lacked the
E element characteristic of most ALV-J viruses. It is in-
teresting to note that the sequence flanking the deletion
of the E element in the two recombinant viruses was
identical to that of the ALV-J strain ADOL 4817 which also
lacks the E element (Silva et al., 2000). PCR of parental
inued
41ECOMBINANT ALV-J/A VIRUSESOF RDOL 5701 and ADOL 6803 viruses with subgroup J
pecific primers produced single product amplifications,
S
A
h
u
h
b
s
n
T
l
p
d
o
1
S
c
e
A
t
p
A
A
i
c
F
t
l
0
t
v
a
V
E
p
t
B
c
f
s
r
s
r
C
D
f
A
a
D
a
i
r
2
H
a
D
p
A
g
A
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ruses without the E element in these samples. This
result, together with the absence of homology in the
sequence flanking the deletion between the recombinant
and the parental J virus, and the complete identity with
RAV 0-A1 sequence suggest that ADOL 5701A and ADOL
5701AD were generated during independent recombina-
tion events.
A significant antigenic variation among ALV-J isolates
has been observed (Venugopal et al., 1998; Fadly and
mith, 1999; Hunt et al., 1999). It has been suggested that
LV subgroup J viruses may inherently have an unusually
igh frequency of mutation (Venugopal et al., 1998; Ven-
gopal, 1999; Silva et al., 2000). In the present report we
ave shown that subgroup J ALV viruses easily recom-
ine with endogenous viruses. Therefore, further genetic
hift and drift may occur, generating new viruses with
ew phenotypes such as host range and antigenicity.
hese molecular and antigenic variations among iso-
ates of subgroup J ALV are of significant practical im-
ortance, as they have been implicated in confounding
iagnosis of ALV-J infection by virus neutralization tests
r by detecting provirus DNA by PCR (Venugopal et al.,
998; Fadly and Smith, 1999; Silva et al., 2000). Such
limitations on tests used to detect ALV-J infection will
undoubtedly have a negative effect on current efforts to
control this virus infection in chicken primary breeder
stocks, as eradication programs are based on testing
and eliminating infected breeder hens (Payne and Fadly,
1997). Finally, this high frequency of molecular and anti-
genic variations among various strains of ALV-J may also
reduce the likelihood of developing effective recombi-
nant or subunit vaccines to control this newly emerging
and economically important virus infection of chickens.
MATERIALS AND METHODS
Cells and origin of viruses
alv6 CEF (Crittenden et al., 1989; Salter and Crittenden,
1989), DF-1 and DF-1/J cells (Hunt et al., 1999) were
grown in Leib-McCoy medium (Gibco-BRL, Gaithersburg,
MD) supplemented with penicillin (100 unit/ml), strepto-
mycin (100 mg/ml), 10% tryptose phosphate broth, and
5–10% fetal bovine serum (Gibco-BRL) and incubated at
37°C in a humidified 5% CO2 atmosphere.
ALV-J strains ADOL-5701 and ADOL-6803 (Fadly and
mith, 1997, 1999) were passed through alv6 cells to
remove any subgroup A contamination from the field
sample prior to inoculation on Line 0 CEF. Supernatants
from this Line 0 infected CEF were transferred to DF-1
and DF-1/J cells and assayed for virus replication by
enzyme-linked immunosorbent assay (ELISA) (p27 as-
say) (Smith et al., 1979) and by flow cytometry using
hicken polyclonal sera to ALV subgroups A and J (Hunt
t al., 1999). DF-1/J cells infected with ADOL-5701 and
42 LUPIADOL-6803 were split seven times and supernatant from
hese cells was transferred to DF-1 cells. After this final
f
(assage through DF-1 cells both samples were renamed
DOL-5701A and ADOL-6803A. In addition, the original
DOL 5701 and ADOL 6803A field samples were also
noculated directly on Line 0 CEF in order to be used as
ontrols for PCR.
low cytometry
For flow cytometry, infected and uninfected cells were
rypsinized and resuspended in phosphate-buffered sa-
ine supplemented with 1% bovine serum albumin and
.1% sodium azide (staining medium) at a final concen-
ration of 107 cells/ml. Chicken convalescent sera to
ALV-A and J was diluted to 1:50 in staining medium,
added to 100 ml of cells, and incubated for 20 min at 4°C.
Cells were washed three times with staining medium
and incubated with goat anti-chicken (1:500) labeled with
fluorescein isothiocyanate (Bethyl Laboratories, Mont-
gomery, TX) for 15 min at 4°C. Cells were washed three
times as described above and resuspended in staining
medium containing 1 mg/ml propidium iodide, and 10,000
iable cells were analyzed using a FACSort instrument
nd Cellquest software (Becton–Dickinson, Mountain
iew, CA).
LISA p27 assay
Infected and uninfected cells were grown in 12-well
lates, incubated at 37°C for 9–10 days, and assayed for
he presence of p27 protein by ELISA (Smith et al., 1979).
riefly, 9–10 days postinoculation, Tween 80 (0.2% final
oncentration) was added to each well, the plates were
reeze thawed twice, and the resulting lysates were as-
ayed using rabbit anti-p27 serum conjugated to horse-
adish peroxidase (SPAFAS, Storrs, CT) and TMB sub-
trate (3,39,5,59-tetramethylbenzidine). Absorbance was
ead at 630 nm using a MRX microplate reader (Dynex,
hantilly, VA).
NA isolation, PCR, and cloning
For cloning of the viral envelope, DNA was extracted
rom DF-1 cells infected with ALV-J strains ADOL 5701,
DOL 6803, ADOL 5701A, ADOL 6803A, and ADOL HC-1
nd uninfected alv6 and DF-1 cells using the Puregene
NA isolation kit (Gentra Systems Inc., Minneapolis, MN)
ccording to the manufacturer’s instructions. In order to
dentify which primers to use to clone the different vi-
uses envelopes, PCR amplifications were carried out in
5-ml volumes containing 13 PCR buffer (10 mM Tris–
Cl [pH 8.3], 1.5 mM MgCl2, 50 mM KCl), 0.4 mM forward
nd reverse primers, 200 mM dNTPs, 0.7 units AmpliTaq
NA polymerase, and 100 ng of DNA template. The
rimers used are as follows: “7J” (59 CCC AAA AGG ATG
GG TGA CTA AGA 39, forward, specific for ALV pol
ene); “89.5” (59 CCC AAG CTT GGG ATG GAA GCC GTC
TA AAG GCA TTT CTG ACT GGA 39, forward, specific
AL.or ALV-A gp85, includes leader sequence); “ALV-A 6.5”
59 AAT GCC AGT GGGTGT TGC 39, forward, specific for
“B
C
C
C
F
F
F
H
H
H
L
N
O
OF RALV-A gp85); “F5” (59 GGT ATT TTC TTG ATT TGT GGG G
39, forward, specific for ALV-J gp85); “R5” (59 GAT TCG
CAA GTT TCA TAC CCC T 39, reverse, specific for ALV-J
39 UTR); “88.3” (59 GGA ATT CTA GGG ATC CGA CAG
CTG CTC CCT AAT 39, reverse, specific for ALV-J gp37);
2” (59 AGT TGT CAG GGA ATC GAC 39, reverse, specific
for ALV-J U5; Smith et al., 1998); “DWS7.3” (59 CAT AGC
TTC GTC TAC GCC CAT AT 39, reverse, specific for ALV-E
U3). Uninfected DF-1 and alv6 cells DNA and reactions
without DNA template were used as negative controls.
PCR conditions were as follows: denaturation at 94°C for
4 min, 25 cycles consisting of denaturation at 94°C for 1
min, annealing for 1 min at 56°C, and extension for 1 min
at 72°C, and a final cycle of 72°C for 7 min. Ten micro-
liters of each reaction was analyzed by electrophoresis
in a 1% agarose gel in TAE buffer. Once the correct set of
primers to amplify the viral envelopes was identified,
PCR was conducted with Cloned PFU polymerase (Strat-
agene, La Jolla, CA) using the same conditions indicated
above except that the extension time was increased to 2
min. PCR products were gel purified using Qiaex II (Qia-
gen, Santa Clarita, CA) and cloned into pCR-Blunt plas-
mid (Invitrogen, Carlsbad, CA) following the manufactur-
er’s instructions. PCR reactions were carried out in trip-
licate and one clone of each reaction was sequenced
using an ABI Model 373A automatic DNA sequencer
(Applied Biosystems, Foster City, CA). The sequences
obtained were analyzed using Sequencher Version 3.1
(Gene Codes Corporation), DNAstar (DNAStar Inc., Mad-
ison, WI), and the BLAST program from NCBI (http://
www.ncbi.nlm.nih.
gov/).
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